J Clin Invest. 1987;79(3):675-683. https://doi.org/10.1172/JCI112870. Rhesus monkeys were fed corn or coconut oil-based diets for 3-6 mo to determine effects on the composition of all lipoprotein classes and on the metabolism of high density lipoproteins (HDL). Major findings included the following. Coconut oil feeding increased concentrations of all classes of plasma lipoproteins without altering lipoprotein size, suggesting an increase in particle number. The percentage of saturated fatty acids in the cholesteryl esters (CE) of low density lipoproteins (LDL) and HDL reached 40% with coconut oil feeding. This value probably constitutes a minimum estimate of the CE which were of intracellular rather than intraplasmic origin. The CE in LDL and HDL were nearly identical suggesting virtually complete equilibration by the core lipid transfer reaction. The CE in very low density lipoproteins, in contrast, were significantly more saturated than those in LDL and HDL irrespective of diet. Lower HDL levels on the corn oil diet were associated with higher fractional catabolic rates for both apolipoprotein A-I (0.42 vs. 0.31 d-1) and apolipoprotein A-II (0.45 vs. 0.30 d-1).
Introduction
The quantity and quality ofdietary fat affect the concentrations, compositions, and properties of the plasma lipoproteins. Polyunsaturated fat consumption, for example, changes the degree of saturation of lipoprotein lipids, and it has been hypothesized that changes in the physical properties of lipoproteins may alter their metabolic properties (1, 2) .
There is, however, surprisingly little agreement concerning the effects of dietary saturated and polyunsaturated fat on lipoprotein composition (3) . This may relate to inhomogeneity of study populations, differences in effects of specific saturated and polyunsaturated fats, the broad spectrum of analytical methods employed, and effects of diet components other than fat. Moreover, in studies ofshort duration, transition effects may confound data interpretation.
Polyunsaturated fat-rich diets appear to reduce high density lipoprotein (HDL) concentrations and the mechanism of this effect is uncertain. Shepherd et al. (4) found no change in the fractional catabolic rate of '251I-apo A-I when men consumed diets rich in polyunsaturated fat and concluded that the lower apo A-I levels were due to a reduction in the synthetic rate. However, studies in monkeys conducted by Parks and Rudel (5) suggested higher HDL apoprotein catabolic rates in polyunsaturated fat-fed animals.
The studies described in this report were undertaken to clarify several issues related to the effects of dietary fat saturation on lipoprotein composition and metabolism. Old World monkeys were used because their lipoprotein system is highly analogous to humans and because complete control of diet intake is possible. Animals were fed experimental diets for prolonged periods to assure that a steady state had been achieved. Lipoprotein size and chemical composition were measured to determine ifeffects on lipoprotein lipid concentrations were due to changes in particle lipid content. The specific fatty acids esterified in the major lipid classes of the plasma lipoproteins were analyzed to assess the extent of equilibration mediated by the core lipid transfer protein and to obtain an indirect estimate of the proportion of plasma cholesteryl esters of intracellular and intraplasmic origin. Finally, we sought to determine if the low HDL levels typically observed during consumption of polyunsaturated fat-rich diets were associated with depressed synthesis ofthe major HDL apoproteins or with augmented catabolism.
Methods
Animals and diets. Adult female rhesus monkeys (Macaca Mulatta) older than 15 yr were fed two isocaloric diets (Table I) containing 21% protein, 49% carbohydrate, and 30% fat. The fat was supplied as either edible coconut oil or corn oil without added cholesterol (Table II) . Coconut oil was used instead ofbutter or animal fat because it contains no cholesterol, and it alters lipoprotein composition in a manner similar to other saturated fats (6) . Coconut oil contains only 0.4% linoleic acid (18:2), but this appears adequate to prevent essential fatty acid deficiency as judged by body size and growth, clinical appearance, and hematological indices.
Lipoprotein isolation. After an overnight fast, the monkeys were tranquilized with Ketamine (Bristol Laboratories, Veterinary Products, Syracuse, NY) and blood samples drawn from the femoral vein into EDTA-containing tubes to which a final concentration of 0.125% Nethylmaleimide (Sigma Chemical Co., St Louis, MO) was added to inhibit plasma lecithin:cholesterol acyltransferase (LCAT)1 activity. Very low density lipoproteins (VLDL, d < 1.019 g/ml), low density lipoproteins (LDL, d = 1.019-1.063 g/ml) and high density lipoproteins (HDL, d = 1.063-1.21 g/ml) were isolated by sequential ultracentrifugation (7) . In some experiments the entire lipoprotein fraction was isolated at d < 1.21 g/ml. Lipoproteins were dialyzed against 0.9% NaCl, 0.04% EDTA, and 0.01% NaN3, pH 7.0. A column (2.5 X 90 cm) containing Bio-Gel A-O.5 m, 200-400 mesh (Bio-Rad Laboratories, Rockville Centre, 5.03 Alphacel (50 g added to 424 g of diet) Agar (2.4% hot agar solution mixed 1:1 with diet mix to form agar cake for feeding) NY) was used to fractionate the complete plasma lipoprotein fraction (8) . The purity of lipoproteins was verified by agarose electrophoresis and 12.5% sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE). Analytical methods. Electron microscopy of isolated lipoprotein fractions was performed as described (9) and particle diameters were estimated by measuring -150-200 free-standing particles. Methods employed for thin-layer chromatography and gas liquid chromatography have been detailed previously (10) . Total protein was estimated by the method of Lowry (1 1) using bovine serum albumin (BSA) as a standard with no correction for possible differences in chromogenicity. SDS-PAGE was performed according to Weber and Osborne (12) and isoelectric focusing in polyacrylamide gels as described by Mendel et al. (14) . Isoelectric points were determined using a calibration plot of pH vs the distance traveled by BSA used as a pH marker (14) . Cholesterol (15) and triglyceride (16) were quantified using enzymatic methods, and HDLcholesterol was estimated after heparin-Mn2+ precipitation (17) of VLDL and LDL. Unesterified cholesterol was measured by omitting the cholesterol esterase from the enzymatic reagent (15) and phospholipids were quantitated by the method of Bartlett (18).
Preparation of apoproteins and antisera. Rhesus apolipoproteins A-I and A-Il were purified to homogeneity using methods previously described in detail (19) . Antigen solutions were emulsified with an equal volume of complete Freund's adjuvant and used to immunize rabbits. Antisera produced single precipitin lines on Ouchterlony double diffusion against the respective antigens (not shown).
Apoprotein quantification by radial immunodiffusion. For assay of apo A-I, 3-mm layers of 1% (wt/vol) agarose (Bio-Rad Laboratories, Rockville Centre, NY) were prepared on plastic plates in 0.05 M sodium barbital buffer, pH 8.2 containing 1% (wt/vol) polyethylene glycol (PEG 6,000 mol wt) and 4% (vol/vol) antiserum. 3-mm diameter wells were made using a well puncher (Bio-Rad Laboratories). Test samples and standards were incubated with an equal volume of0.2 M sodium cholate/ 1% (wt/vol) BSA at 37°C for 1. Figure 1 . Standard curves from plots of ring diameters obtained by radial immunodiffusion in assays for apo A-I, A-II and LDL (apo B); respective ranges of linearity were 0.12 to (Fig. 1 ). The intraand interassay coefficients of variation for apoproteins A-I, A-II, and LDL, respectively, were 4.1 and 3.0%, 2.3 and 3.5%, and 5.0 and 5.7%. Metabolic studies., The same rhesus monkeys used in the diet studies were also used for the metabolic studies. Apo A-I metabolism was evaluated in eight animals and apo A-II metabolism in four of these. HDL were isolated by ultracentrifugation and agarose column chromatography (8) and radioiodinated using the iodine monochloride procedure (20, 21) . Unbound iodine was removed by dialysis and specific activities ranged from 4.4 to 5.3 X I04 (mean 4.85 X I04) cpm/Mg protein.
Less than 5% of the label was in lipid and greater than 95% of the radioactivity was precipitable with 10% (wt/vol) trichloroacetic acid. An aliquot of '25I-HDL was added to 40 Mg of nonlabeled HDL and apoproteins separated on 12.5% SDS-PAGE. Gels were stained with Coomassie Blue, and apoprotein bands sliced and 125IradioaCtivity measured.
Sodium-cholate immunoprecipitation. This method was used to determine radioactivity attributable to apolipoproteins A-I and A-II during lipoprotein kinetic studies. A 0. 1-ml aliquot of serum or heparin-Mn2+ supernatant (17) was incubated with 0.1 ml of 0.2 M sodium cholate/ 1% (wt/vol) bovine serum albumin for 11/2 h at 37°C. Sufficient rabbit apolipoprotein antisera to yield maximal precipitation was added to this incubation mixture followed by 0.3 ml of 4% (wt/vol) polyethylene glycol in saline (PEG, 6,000 mol wt). After 16 h at 4°C, the mixture was centrifuged at 2,800 rpm for 15 min at 4°C in a TJ-R centrifuge (Beckman Instruments Inc., Fullerton, CA). The supernatant was aspirated and the pellet washed twice with 0.3 ml of 4% (wt/vol) PEG in 0.15 M NaCl. The pellet and supernatant were radioassayed. Nonspecific precipitation measured after addition of nonimmune rabbit serum was usually < 1%. The distribution of radioactivity determined by immunoprecipitation closely agreed with that following SDS-PAGE (Table III) . Preparation of animals for metabolic studies. Monkeys were acclimated to metabolic restraining chairs before study. In unpublished experiments, we found HDL turnover rates in restrained monkeys were identical to those in animals tethered through a swivel system (22) . Each morning the appropriate diets in liquid form were fed in a single bolus by orogastric tube to insure inadequate caloric intake. In addition, all Fractional catabolic rates (FCR) for apo A-I and apo A-II, estimated with the cholate-immunoprecipitation method, were not significantly different from FCRs calculated using alkaline-urea PAGE to estimate radioactivity distribution (data not shown). FCRs of apo A-I and apo A-II estimated from analysis of whole serum or of HDL were also not statistically different from each other (data not shown).
Data analyses. Differences between the two dietary fat periods were analyzed by paired t tests (23) . The plasma disappearance curves ofapolipoproteins A-I and A-Il were bioexponential and were analyzed using the general principles defined by Matthews (24) . The slopes (b1 and b2) and the intercepts (cl and c2) were calculated by computer methods with a curve peeling program that uses least-squares analyses.
Results
As expected, rhesus monkeys had significantly lower plasma cholesterol levels when fed polyunsaturated fat (corn oil) than (- Ti me (months) Figure 2 . Plasma cholesterol response of eight rhesus monkeys fed a polyunsaturated corn oil-containing diet (3 mo) and then a saturated coconut oil-containing diet (9 mo). when fed saturated fat (coconut oil) ( Fig. 2 , Table IV ). When the diet was changed from corn oil to coconut oil, the plasma cholesterol levels rose maximally within one month and remained at the level over the ensuing 8 mo (Fig. 2) . The saturated fat-induced changes in total plasma cholesterol were associated with increases in the plasma cholesterol concentration ofVLDL + LDL (+ 42%) and HDL (+ 27%) (Table IV) . Mean hydrated densities of the major lipoprotein classes, evaluated by density gradient ultracentrifugation, were not altered by diet and coconut oil feeding did not increase the quantity ofintermediate density lipoproteins. Plasma triglycerides and phospholipids were also significantly higher during the saturated fat feeding (Table IV) .
Lipoprotein lipid composition. The influence of dietary fat saturation on the chemical composition of VLDL, LDL, and HDL is shown in Table V . Comparisons were not based on percentage values, since the value of any one constituent is dependent on the relative amounts of all other components. Instead, statistical analyses by paired t tests were performed on constituent ratios that are independent of each other. The VLDL ofrhesus monkeys fed corn oil contained a higher percentage of phospholipids and less triglyceride, free cholesterol, and cholesteryl ester than VLDL during coconut oil feeding.
When examined in terms of constituent ratios, the lower free and esterified cholesterol contents were significant (Table V) .
LDL during corn oil feeding contained relatively more protein and less cholesterol, phospholipid, and triglyceride than during the saturated fat diet. The constituent ratios indicated that the higher contents of free and esterified cholesterol during coconut oil consumption were significant (Table V) . HDL from corn oil fed monkeys were slightly enriched in cholesteryl ester, and contained less triglyceride as evidenced by the higher CE/ PRO and lower TG/PRO ratios (Table V) .
Composition of esterified fatty acids. The fatty acids of triglycerides differed most during these extreme diets, while phospholipids were least affected. The triglyceride fatty acids generally reflected the diet composition, but there were noteworthy exceptions. The proportion of 12:0 in plasma triglycerides during the saturated fat diet (Tables VI-VIII) was much less than that in coconut oil (Table II) . Among the lipoproteins, the fatty acid composition of triglycerides in LDL and HDL were remarkably similar, whereas those in VLDL differed on both diets.
The medium chain fatty acids (12:0 and 14:0) found in coconut oil were not incorporated into the phospholipids of any lipoprotein class (Tables VI-VIII) . Palmitic acid (16:0) accounted for 24-35% of fatty acids in phospholipids, despite the fact that neither experimental diet was rich in palmitate (Table II) . Similarly, while neither diet contained significant stearate (18:0), this fatty acid accounted for -25% of the total phospholipid fatty acid. The major effect of dietary fat saturation was on the contents of oleic (18:1) and linoleic (18:2) acids which predominate at the sn-2 position of phosphoglycerides. Corn oil feeding increased the relative amount of linoleate at the expense of oleate and larger chain fatty acids (Tables VI-VIII) .
The two diets produced very different cholesteryl ester profiles. About 10% of the cholesteryl esters from coconut oil fed animals contained 12:0 and 14:0 fatty acids, and -40% of the total cholesteryl esters were saturated on this diet (Tables VI-VIII) . With corn oil feeding, in contrast, about 75% of the cholesteryl esters in LDL and HDL contained monoor polyunsaturated fatty acids. The cholesteryl esters in LDL and HDL were generally similar and differed from those in VLDL during both diets. VLDL cholesteryl esters during corn oil feeding con-Effect ofDietary Fat Saturation on Rhesus Monkey Lipoproteins 677 tained much less 18:2 esters than did LDL and HDL, and VLDL cholesteryl esters during both diets were proportionately enriched in 18:0 esters. Apoprotein concentration and distribution. Plasma apo A-I, apo A-Il, and apo B levels were 23, 20, and 21% lower, respectively, in monkeys fed the corn oil diet compared to coconut oil (Table IV) . 12.5% SDS-PAGE of the apoproteins of plasma VLDL, LDL, and HDL revealed no dietary fat related differences in the distribution of apoproteins in any class of lipoproteins. Therefore, only the profile from the coconut oil group is shown (Fig. 3) . VLDL contained apo B and the apo A-II+C complex and LDL contained only apo B. The distribution of the HDL apoproteins, independent of diet, was: A-I, 65±4.6%; E, 5.7±1.3%; and A-II+Cs, 29 .3+8.8%. Since the degree of dietary fat saturation had no apparent effect on the isoprotein pattern of HDL, only a representative pattern from the coconut oil fed animal is shown. The isoelectric points ofapo A-I isoforms were 5.9, 5.5, 5.4, and 5.3 (Fig. 4) .
The apoprotein B subspecies were visualized on 3.5% SDS gels. Both VLDL and LDL showed a single predominant apo B band (-390,000 mol wt) ( Fig. 5 ). There was no apparent diet effect on the apo B pattern.
Electron microscopy and column chromatography. Electron microscopy ( Fig. 6 ) revealed no diet-related differences in size or shape of VLDL, LDL, or HDL. The diameters of plasma VLDL, LDL, and HDL were 380±15 A, 245±6 A, and 90±4 A for the corn oil group, respectively, and 369±16 A, 248±5 A, and 98±3 A, respectively, for the coconut oil-fed monkeys.
The separation of plasma lipoprotein classes by agarose column chromatography is shown in Fig. 7 . Peaks I, II, and III contained VLDL, LDL, and HDL, respectively, as demonstrated by agarose gel and SDS PAGE (not shown). The elution positions of the major lipoprotein classes during corn and coconut oil feeding were identical, confirming the electron microscopy finding that diet did not produce major changes in lipoprotein size.
Kinetic analyses ofHDL apo A-I and A-II. Plasma pools of apo A-I and apo A-II in saturated fat-fed animals were larger than in unsaturated fat-fed animals (Table IX) . The plasma radioactivity die-away curves for apo A-I and apo A-II after injection of 125i-HDL were typically biphasic (Fig. 8 ). The catabolic rates and biological half-lives of apo A-I and apo A-I1 did not differ from each other on the two diets. However, both apoproteins were cleared more rapidly from the plasma of the corn oil fed monkeys as reflected by greater FCRs and shorter biologic half-lives. The calculated synthetic rates of apo A-I and A-II, in contrast, were virtually identical during the two diet periods (Table IX) .
Discussion
Studies in a variety of species have consistently documented that diets rich in polyunsaturated fat lower the mass of each lipoprotein class. There is less unanimity concerning the effects of dietary fat on the properties of lipoproteins. The monkeys studied here were fed corn and coconut oil-rich diets for 3 and 9 mo, respectively. Plasma cholesterol values were stable (Fig.  2) when analyses were undertaken, and transition effects were thereby avoided. Dietaryfat saturation and VLDL. Lower VLDL levels during corn oil feeding were reflected by the lower plasma triglyceride concentrations (Table IV) . This effect may be due to selective hepatic incorporation of polyunsaturated fatty acids into phosphatidylcholine rather than triglyceride (24) (25) (26) . The coconut oil based diet resulted in VLDL that were relatively enriched in both unesterified cholesterol and cholesteryl esters. Such an effect has been noted by some (3, 27) but not others (28) who have made similar comparisons.
Dietaryfat saturation and LDL. During polyunsaturated fat feeding, the plasma apo B level was 26% lower (Table IV) and compositional analyses showed that the LDL cholesteryl ester/ protein ratio was significantly lower than during coconut oil feeding (Table V) effect on lipoprotein cholesterol than on apo B. Spritz and Mishkel (1) reported that a 26% fall in LDL cholesterol was attended by only a 9% fall in LDL protein; and Shepherd and co-workers (29) also found that polyunsaturated fat diets reduced the cholesterol/protein ratio in LDL. In contrast Brussard et al. (30) found no fall in the LDL cholesterol/apo B ratio when diets rich in polyunsaturated fat were consumed, and similar findings have been reported by others (3, 31, 32) . These discordant results are not easily explained and have been discussed in detail by Vega and co-workers (3).
LDL-triglyceride content was significantly greater during the coconut oil period. This is likely due to the higher total plasma VLDL and triglyceride concentrations, since LDL-triglyceride content varies directly with the plasma concentration of VLDL (33, 34) . This relationship may be mediated by the core lipid transfer protein that affects exchange of VLDL-triglyceride for LDL-cholesteryl ester (35, 36) . Triglyceride enrichment of LDL has not been observed when saturated fat feeding has failed to significantly increase the plasma triglyceride concentration (3, 28, 37) . Two studies in humans have suggested that lower LDL apo B levels during polyunsaturated fat feeding are due to lower production rates (38. 39) . Other studies in humans (40) and subhuman primates (41) have suggested an effect due to enhanced catabolism. Moreover, coconut oil and cholesterol feeding reduced receptor-mediated clearance of LDL in hamsters (42) and it is possible that dietary fat saturation mediates effects through more than one mechanism.
Dietaryfat saturation and HDL. We found 27% lower HDLcholesterol levels during polyunsaturated fat feeding and levels ofapo A-I and apo A-Il were reduced by 28 and 24%, respectively (Table IV) . Compositional analysis showed a significantly higher cholesteryl ester/protein ratio during corn oil feeding, and this was due only in part to a substitution of cholesteryl ester for triglyceride in the HDL (Table V) . Most other workers have found lower plasma apo A-I levels when diets rich in polyunsaturated fats are consumed (4, 5, 42) . Lower apo A-I/apo A-II ratios on polyunsaturate fat-rich diets have suggested a selective fall in the HDL2 (31) and a 28% fall in the HDL2/HDL3 ratio has been documented when polyunsaturates were substituted for saturates in the diet (4). We did not investigate HDL2/HDL3 changes but the ratio of apo A-I/apo A-II on corn oil (3.34) differed little from that on coconut oil (3.45) .
The mechanism(s) accounting for the lower HDL levels during polyunsaturated fat feeding remains unclear. Our results suggest that the lower HDL is associated with augmented catabolism ofthe major HDL apoproteins in polyunsaturated fatfed animals with no dietary fat effect on synthetic rate. This finding is consistent with the results of Parks and Rudel (5) who also found higher HDL apoprotein catabolic rates in polyunsaturated fat-fed animals. However, our observations and those of Parks and Rudel (5) are discordant with the human studies of Shepherd et al. (4) , demonstrating reduced synthesis of HDL apo A-I in polyunsaturated fat-fed individuals. These discrepancies may result from species or diet differences. In addition, Shepherd and co-workers studied the metabolic fate of radioiodinated apolipoproteins reconstituted with HDL rather than HDL apoprotein radiolabeled in situ.
Distribution and origin oflipoprotein neutral lipids. A comparison ofthe species ofneutral lipids in VLDL, LDL, and HDL on these extreme diets provides insight into the extent of equilibration of lipids between lipoprotein classes. Similarities and differences depend: (a) on the lipid composition ofnewly secreted lipoproteins; (b) on modification by lipid active enzymes during circulation; (c) on the extent ofexchange and net transfer between lipoprotein classes; and (d) on the turnover rates ofthe individual lipids and lipoproteins. When transfer and exchange are rapid relative to turnover, the species oflipids will be similar in different lipoprotein classes, irrespective of their origins. This appears to be the case with the cholesteryl esters of LDL and HDL (Table  VII and VIII) although the 18:2 content of HDL during poly- Open circles, coconut oil-fed monkey; closed circles, corn oil-fed monkey.
unsaturated fat feeding was greater than LDL. The VLDL cholesteryl esters during both diets (Table VI) contain less 18:2 and more 16:0 and 18:0 species than the cholesteryl esters in the LDL and HDL. Since VLDL are relatively short-lived compared to LDL and HDL, the core lipid exchange reaction probably does not complete equilibration ofVLDL cholesteryl esters with the other lipoprotein classes. The lipoprotein cholesteryl ester profiles are also of interest in view of theories concerning the origins of plasma cholesteryl esters. On both diets, -40% of the cholesteryl esters in VLDL were saturated (Table VI) , and during coconut oil feeding, cholesteryl myristate (14:0) accounted for 10% of the cholesteryl esters in LDL and HDL (Tables VII and VIII) . Since sn-2 fatty acids in phosphoglycerides remain unsaturated despite saturated fat feeding (1), and since virtually no 14:0 fatty acids were found in plasma phospholipids (Tables VI-VIII) , the saturated cholesteryl esters likely were produced by intestine or liver rather than by the action ofLCAT in plasma. Their presence in VLDL from fasting animals suggests hepatic origin, and monkey liver is known to contain acyl-CoA/cholesterol acyltransferase (43) . If this reasoning is correct, then at least 40% of the plasma cho- TI ME (days) Figure 8 . Typical plasma decay curves for apo A-I and apo A-II after injection of '25I-HDL in a rhesus monkey. Immunoprecipitation of cholate treated plasma was used to determine radioactivity associated with each apolipoprotein. lesteryl esters in coconut oil-fed animals is of intracellular origin. Moreover, at least some of the 16:1 and 18:1 cholesteryl esters are probably not produced by LCAT.
